During angiogenesis, av integrins are overexpressed on the endothelial cell surface to facilitate the growth and survival of newly forming vessels. Accordingly, blocking av integrin function by disrupting ligand binding can produce an antiangiogenic effect. Although the integrin ectodomain regulates ligand binding specificity, the short cytoplasmic tail facilitates intracellular signaling pathways through the recruitment and activation of specific kinases and signaling intermediates. This in turn controls endothelial cell adhesion, morphology, migration, invasion, proliferation, and survival. These same integrin-mediated signaling pathways are exploited in cancer to promote the invasiveness and survival of tumor cells and to manipulate the host microenvironment to provide ample blood vessel and stromal resources to support tumor growth and metastatic spread. Because expression of av integrins on distinct cell types contributes to cancer growth, av integrin antagonists have the potential to disrupt multiple aspects of disease progression.
I
ntegrins are transmembrane receptors that bind extracellular matrix proteins or other adhesion receptors on neighboring cells. Heterodimeric pairing of integrin a and b subunits confers specificity of binding to one or more substrates (see Humphries et al. 2006 for review) . In particular, the av subunit pairs with b1, b3, b5, b6, and b8 (Luo et al. 2007 ). Whereas some pairings preferentially bind a single ligand (avb5 for vitronectin), others recognize a number of ligands (avb3 binds vitronectin, fibronectin, vWF, tenascin, osteopontin, fibrillin, fibrinogen, and thrombospondin). Because the integrins expressed on the surface of a cell will determine whether it can adhere to and survive in a particular microenvironment, the matching of integrins and ligands plays a key role in the regulation of the sprouting ability of endothelial cells during angiogenesis, localization of inflammatory cells recruited to sites of repair, or the invasive potential of tumor cells. The av integrins appear to be particularly important during the tissue remodeling associated with wound repair, angiogenesis, and cancer. Therefore, this article will focus on how the expression and function of av integrins impacts tumor-associated angiogenesis and the growth and progression of tumors (Fig. 1 ). Sprouting endothelial cells express a unique profile of integrins that can be targeted to suppress vascular proliferation. Pericyte coverage of maturing blood vessels is influenced by integrin adhesion to extracellular matrix proteins present within the remodeling tissue. Tumor cells change integrin expression profiles to enhance their ability to migrate, invade, metastasize, and survive in hostile environments. Integrin signaling in fibroblasts directs synthesis of extracellular matrix proteins and growth factors that flood the tumor stroma. Proteolytic degradation of extracellular matrix proteins creates fragments that can bind to and inhibit the function of integrins expressed by angiogenic endothelial cells. Integrins on inflammatory cells participate in recruitment to sites of angiogenesis and remodeling, and can establish a premetastatic niche to promote metastatic spread to distant sites. In summary, integrin expression profiles of normal cells are distinct to those within remodeling tissues. Because integrin signaling pathways can influence the behavior of multiple cell types involved in angiogenesis and cancer, selective targeting of integrin-mediated adhesion and signaling represents an attractive therapeutic strategy.
osteopontin, collagens, thrombospondin, fibrinogen, and von Willebrand factor) was identified as a ligand for integrins such as avb3, avb5, and a5b1 (Pierschbacher and Ruoslahti 1984a,b; Pytela et al. 1985a,b; Argraves et al. 1986; Suzuki et al. 1986 Whereas many integrins are ubiquitously expressed in adult tissues, integrin avb3 is most abundantly expressed on angiogenic endothelial cells in remodeling and pathological tissues (Brooks et al. 1995b) , and its expression is mediated by a transcriptional activator, Hox D3 (Boudreau et al. 1997) . Discovery of this unique expression pattern has led to the development of multiple strategies for imaging, detecting, and treating angiogenesis-related diseases. Because avb3 is expressed by angiogenic endothelial cells (but not normal quiescent endothelial cells), treatment with either a cyclic RGD peptide or an avb3-specific monoclonal antibody such as LM609 can disrupt the invasive and proliferative program of sprouting endothelial cells and suppress angiogenesis (Brooks et al. 1994a (Brooks et al. ,b, 1995a Drake et al. 1995) . In addition to targeting angiogenesis directly, many strategies have used the selective expression of avb3 to deliver imaging or therapeutic agents to angiogenic vascular beds. RGD-targeted nanoparticles accumulate within tumor-associated blood vessels, but show little binding to other vascular beds (Murphy et al. 2008 ). Thus, intravenously injected RGD-targeted nanoparticles are capable of delivering a payload of antiangiogenic or antitumor agents to a tumor while sparing normal tissues. Delivery of antiangiogenic agents to tumorassociated blood vessels can induce a reduction or even regression of solid tumor growth (Hood et al. 2002) . Targeted delivery of chemotherapeutics can significantly reduce the dose required to achieve a desirable anticancer effect, dramatically limiting the toxic side effects of these drugs (Murphy et al. 2008) . The utility of avb3 as a marker of angiogenic endothelial cells is not exclusive to cancer, because avb3 expression is a general feature of endothelial cell activation. Thus, active endothelial cells are sensitive to avb3 inhibition during such processes as wound repair (Clark et al. 1996) , arthritis (Storgard et al. 1999) , and proliferative diabetic retinopathy (Friedlander et al. 1996) .
Integrins avb3 and avb5 Promote Distinct Pathways of Angiogenesis
Although avb3 expression is observed on all angiogenic endothelial cells, the involvement of avb3 with angiogenic signaling pathways is not necessarily generic. The development of integrin function blocking antibodies and antagonists revealed that these agents show preferential effects in certain pathological models. These experiments led to the observation that two cytokine-dependent pathways of angiogenesis exist defined by their requirement for the function of distinct av integrins. Angiogenesis induced by basic fibroblast growth factor (bFGF) or tumor necrosis factor a (TNF-a) requires the function of integrin avb3, whereas angiogenesis induced by vascular endothelial growth factor (VEGF) or transforming growth factor a (TGF-a) requires the function of integrin avb5 (Friedlander et al. 1995) . This distinction is a function of the differential ability of b3 and b5 integrins to activate the Ras/Raf/MEK/Erk pathway in blood vessels . Specifically, the avb5 integrin pathway downstream of VEGF leads to activation of focal adhesion kinase (FAK) and Src kinase, whereas the avb3 pathway involves p21-activated kinase (PAK) . Furthermore, the avb5 pathway results in activation of Raf on serines 338/ 339 which leads to Raf-1 mitochondrial translocation and endothelial cell protection from the intrinsic pathway of apoptosis (induced by stress or DNA damaging agents), independent of MEK1 (Alavi et al. 2003) . In contrast, avb3 signaling activates Raf on tyrosines 340/341 and MEK1-dependent protection from extrinsic-mediated apoptosis (induced by receptor binding to proapoptotic death ligands such as TNF-a and Fas) (Alavi et al. 2003) . The differences between the avb3 and avb5 signaling pathways exemplify how the local expression of integrins and extracellular matrix ligands can confer specificity and drive distinct cellular behaviors.
b3 Integrin Knockout and Knock-in Mouse Models
Genetic ablation of integrin b3 produces the expected bleeding phenotype because of loss of aIIbb3 required for platelet clotting (Hodivala-Dilke et al. 1999) . However, in contrast to b3 antagonist studies, b3 knockout mice show the unexpected phenotype of enhanced angiogenesis and tumor growth (Reynolds et al. 2002; Robinson et al. 2004) , as well as elevated atherosclerosis (Weng et al. 2003 ) and wound healing (Reynolds et al. 2005) responses. Instead of reflecting the true role of b3 in vivo, these observations were determine to be a consequence of compensatory increased expression and activity of VEGFR2 . During vascular development, b3 expression is lost as the vasculature matures. In the heart for example, b3 expression decreases significantly during the first weeks of life after the cardiac blood vessels remodel to support the demands of the growing heart (Weis et al. 2007 ). In mice lacking b3, the capillaries in the heart fail to mature and retain the luminal protrusions and vacuoles characteristic of immature or activated endothelium (Weis et al. 2007 ). As expected, this phenotype was a function of VEGF hypersensitivity, as VEGF receptor antagonism normalized the vascular aberrations while application of exogenous VEGF induced similar features in capillaries in the hearts of wild-type mice (Weis et al. 2007 ).
Mice expressing a mutant b3 unable to undergo tyrosine phosphorylation (DiYF knockin mice) do not show compensatory changes in VEGF signaling (Mahabeleshwar et al. 2006) , and thus show a suppression of angiogenesis consistent with the b3 antagonism studies. Importantly, a molecular complex between VEGFR2 and b3 is observed in angiogenic blood vessels in vivo, and requires activation of both VEGFR2 and b3 . Consistent with the idea that bone marrow-derived cells drive angiogenesis (Ziegelhoeffer et al. 2004; Grunewald et al. 2006) , the angiogenic defect in the DiYF mice can be rescued by bone marrow transplantation ). In particular, b3 integrin expression on bone marrow-derived cells is required for their recruitment and retention at sites of angiogenic remodeling, but not for their initial release from the bone marrow niche ). These studies suggest that the antiangiogenic capacity of b3 inhibitors is likely a function of targeting b3 on a number of cell types involved in vascular remodeling.
Most recently, "floxed" mice with the conditional deletion of b3 integrin in either platelets or myeloid cells have been generated (Morgan et al. 2009 ). As expected, b3 knockout in platelets leads to a bleeding phenotype but no effect on tumor growth and angiogenesis, whereas b3 knockout in myeloid cells produced osteopetrosis similar to that observed in the global b3 knockout mice (Morgan et al. 2009 ). Future work with this new mouse model will allow testing the function of b3 in additional cell types relevant for angiogenesis and the tumor host response.
Integrins and Neurovascular Patterning
Blood vessels and neurons are known to copattern, and cell surface adhesion molecules represent one means to facilitate their interaction during this process. Accordingly, the communication between neuronal and vascular cell types during remodeling involves integrins expressed on these cell types (McCarty 2009).
For example, deletion of av integrins from neuronal cell lineages leads to vascular defects (McCarty et al. 2005) , because avb8 expressed on glial cells regulates vascular development in the brain (Zhu et al. 2002) . Netrins are secreted neuronal guidance molecules that bind directly to integrins to regulate cell migration during angiogenesis (Nikolopoulos and Giancotti 2005) . Semaphorin3A is another secreted protein known for its role in neuronal guidance that also functions as a negative regulator of integrin function (Serini et al. 2003) . Studies of Semaphorin3A knockout mice revealed that the dynamic regulation of integrins by spatiotemporal expression of Semaphorin3A is required for proper developmental and pathological angiogenesis (Serini et al. 2003) . Exogenous Semaphorin3A blocks VEGF-mediated angiogenesis (Acevedo et al. 2008 ) and normalizes tumor vasculature (Maione et al. 2009 ). Additional Semaphorin family members share the ability to modulate integrin function. Semaphorin3C, binds integrins directly and generates intracellular signals that modulate integrin function (Serini et al. 2008) , whereas Semaphorin4A inhibits angiogenesis because of its ability to suppress VEGF-mediated Rac activation and integrin-dependent cell adhesion (Toyofuku et al. 2007 ).
Growth Factors and Growth Factor Receptors
New evidence suggests that integrins directly bind to a number of growth factors. For example, a9b1, a3b1, and avb3 integrins directly bind several VEGF isoforms (Hutchings et al. 2003; Rahman et al. 2005 ) and a handful of different integrins bind angiopoietin (Serini et al. 2008) . Furthermore, a number of growth factor receptors can be stimulated via their interaction with integrins even in the absence of growth factor signaling (Giancotti and Tarone 2003) . For example, avb3 and VEGFR2 form a physical complex and synergize to promote angiogenesis induced by either ECM or growth factor ligand binding (Mahabeleshwar et al. 2007) , and a5b1 forms a complex with the angiopoietin receptor Tie-2 to amplify angiogenic signals (Cascone et al. 2005) . In contrast, expression of a2b1 increases VEGFR1 expression, which acts in opposition to the proangiogenic VEGFR2 signals (Zhang et al. 2008) . Because integrins bind to select growth factors and growth factor receptors, perturbing integrin function likely alters the balance of signaling pathways on multiple cell types involved in the angiogenic cascade.
Integrin Internalization and Recycling
Because integrins function as cell surface receptors, their membrane expression levels, and extent of clustering will determine their availability to bind ligands. Accordingly, trafficking of integrins to and from the cell surface has a powerful influence over integrin function ). Integrin internalization often involves clathrin or caveolin along with their related adaptors. To allow a cell to move, the integrins associated with focal adhesions undergo endocytosis in a clathrin-dependent manner (Ezratty et al. 2009 ). Integrin trafficking can also modulate the internalization of growth factor receptors such as EGFR (Caswell et al. 2008) or VEGFR ). For example, low nanomolar doses of an avb3 antagonist activate the Rab4 pathway, which promotes the rapid recycling of internalized VEGFR2 ). This rapid recycling prevents VEGFR2 degradation and shuttles VEGFR2 back to the plasma membrane, thus amplifying the cellular response to VEGF.
Because RGD integrin-binding peptides are rapidly internalized by endothelial cells, RGD-targeted nanoparticles have gained popularity for delivery of therapeutic and imaging agents to tumor-associated endothelial cells. In addition, a new internalizing-RGD (iRGD) peptide has the ability to home to tumorassociated blood vessels within minutes (by targeting avb3) and then proceed to shuttle into the tumor microenvironment within several hours (Sugahara et al. 2009 ). The tissue penetration properties of iRGD are mediated by a cryptic C-end rule (CendR) motif that is proteolytically cleaved to allow binding to neuropilin-1, a receptor for VEGF. Previous studies have shown that neuropilin-1 and avb3 associate in a VEGFdependent manner, and that the presence of avb3 on endothelial cells limits the participation of neuropilin-1 during VEGF-mediated angiogenesis ). Neuropilin-1 also regulates the internalization of a5b1 integrin in endothelial cells (Valdembri et al. 2009 ) and the expression levels of a2b1 in breast carcinoma cells (Pan et al. 2009 ). It is therefore possible that the iRGD internalization process may have some additional impact on the function of the b1 and b3 integrins present within angiogenic blood vessels.
Endogenous Inhibitors of Angiogenesis
During physiological or pathological angiogenesis, a balance of pro-and antiangiogenic factors determines the progress of vascular remodeling. Whereas integrin binding to the extracellular matrix promotes adhesion and survival by activating canonical integrinmediated signaling pathways, integrin binding to soluble fragments acts as a decoy to disrupt the physical connection and suppress the signaling events that lead to cell survival, migration, and proliferation. A number of enzyme or ECM fragments have the ability to act as endogenous inhibitors of angiogenesis through their ability to disrupt integrin-mediated adhesion and signaling (Nyberg et al. 2005; Folkman 2006; Ribatti 2009 ). For example, Angiostatin is a plasmin fragment that binds avb3 (Tarui et al. 2001) , Canstatin is a type IV collagen fragment that binds avb3 and avb5 (Magnon et al. 2005) , Endostatin is a collagen XVIII fragment that binds avb3, avb5, and a5b1 (Rehn et al. 2001) , and Tumstatin is a type IV collagen fragment that binds avb3 and a5b1 (Sudhakar et al. 2003) . Proteolytic degradation of specific extracellular matrix proteins can therefore produce a variety of soluble fragments that can perturb the function of specific integrins, to provide control over the location and amount of angiogenic remodeling that occurs in very distinct microenvironments (Fig. 1) .
In addition to soluble matrix fragments binding to and modulating integrin function, the expression of integrins can also be controlled at the mRNA level. MicroRNAs (or miRs) are short RNA sequences that bind to, recruit a silencing complex, and block translation of specific sites on the 3 0 untranslated region (3 0 UTR) of target genes. This process lends itself to many levels of control, because a single miR can suppress expression of multiple genes, and a single gene can be regulated by a number of different miRs. A recent review lists potential miR interactions with cell adhesion molecules, angiogenic factors, and metalloproteinases (Dalmay and Edwards 2006) . Although only a handful of miRs have been experimentally linked to integrins to date, there are numerous predicted miR binding sites on integrin 3 0 UTRs that are well preserved between species. Some of these miR/integrin pairings have been validated experimentally. For example, both miR-92a and mikR-31 suppress expression of integrin a5 (Bonauer et al. 2009; Valastyan et al. 2009 ), and miR-124 blocks expression of b1 integrin (Cao et al. 2007 ). During melanoma progression, loss of miR-let-7a contributes to increased b3 expression and the acquisition of an invasive phenotype (Muller and Bosserhoff 2008) . Although miR-mediated regulation of integrin gene expression has yet to be fully appreciated, it could provide a unique means to investigate mechanistic aspects of integrin function and/or lead to novel therapeutic strategies. This relationship is especially interesting because a number of pro and antiangiogenic microRNAs have been experimentally validated to date (Kuehbacher et al. 2008; Fish and Srivastava 2009; Suarez and Sessa 2009) .
av INTEGRINS IN CANCER
Many integrins including avb3, avb5, avb6, a2b1, a5b1, a6b1, and a6b4 have been implicated in cancer growth and invasion. Because a number of these have recently been reviewed (Lu et al. 2008; Bandyopadhyay and Raghavan 2009; Caccavari et al. 2010; Sroka et al. 2010) , this section will focus primarily on avb3 and avb5.
Tumor Cell Expression of Integrins and Integrin Ligands Drives Angiogenesis
There are multiple examples of how tumor cells can manipulate the host stroma, and it is likely that the integrin expression profile of a given tumor cell can influence the angiogenic response within the tumor microenvironment. For example, expression of b3 in metastatic prostate cancer cells drives angiogenesis by driving tumor cell production and release of VEGF . This relationship may require specific environmental cues, because b3 drives VEGF production for breast carcinoma cells growing in the brain but not for the same cells growing in the mammary fat pad (Lorger et al. 2009) . Similarly, avb3 antagonism shows a strong antiangiogenic and antitumor effect for glioblastoma cells growing orthotopically in the brain, but not the same cells growing on the flanks of the same mice (MacDonald et al. 2001) . Together, these studies confirm integrins as specialized cell adhesion molecules with the ability to integrate environmental cues that modulate tumor growth and sensitivity to therapeutics.
Integrin Signaling Promotes Diverse Functions in Multiple Tumor-Associated Cell Types
Integrin signaling pathways within tumor cells promote many cellular functions required for tumor growth and metastasis, including migration, invasion, proliferation, and survival (Desgrosellier and Cheresh 2010) . Many of these integrin signaling pathways are similar to those observed in activated endothelial cells that require the same functional properties to remodel during development, physiological angiogenesis, and pathological vascular hyperproliferation. Similar integrin-mediated signaling is found in tumor-associated fibroblasts and inflammatory cells that are recruited to foster tumor progression (Rainger et al. 1999; Zhu et al. 2007 ). In simplistic terms, integrin/ligand recognition prevents cells from spreading beyond their appropriate boundaries within normal tissues, but these same gatekeepers will allow cells to travel to and survive within an atypical environment on receiving new environmental cues (outside-in signaling) or cellular reprogramming (inside-out signaling). Although integrins are not oncogenic, their elevated expression is often associated with or required for tumor growth and invasion.
Because integrins lack kinase activity, their contribution to cell signaling pathways often involves their recruitment of kinases, scaffolding signaling modules, and cytoskeletal proteins. Certain integrins are typically expressed at only low levels in normal epithelial cells, but show high levels in some tumors. For example, avb3 expression is associated with disease progression and metastasis in melanoma (Nip et al. 1992; Danen et al. 1994 ) and pancreatic (Hosotani et al. 2002 ), prostate (McCabe et al. 2007 ), breast (Felding-Habermann et al. 2001) , ovarian (Landen et al. 2008) , and cervical (Gruber et al. 2005) cancers.
Tumor Cell Expression of b3 Integrin Promotes Anchorage-Indpendent Growth and Metastatic Potential
Expression of avb3 integrin by tumor cells has been linked to enhanced transendothelial migration (Kikkawa et al. 2002; Bauer et al. 2007 ) and production of MMP-2 (Baum et al. 2007 ), both of which confer metastatic potential. Indeed, roughly half of patients with pancreatic cancer show elevated expression of avb3, and this is positively correlated with lymph node metastasis (Hosotani et al. 2002) . In experimental mouse models, pancreatic tumor growth and metastatic spread is accelerated by exogenous expression of b3 in pancreatic carcinoma cell lines lacking b3, and slowed by silencing of b3 expression in cell lines with endogenous expression (Desgrosellier et al. 2009) . A novel avb3/Src oncogenic unit is responsible for this activity, and its mechanism of action represents an unexpected twist on typical integrin function. If a cell expressing b1 integrins encounters an inappropriate extracellular environment (i.e., one lacking b1 ligands), the unligated integrin will trigger a cell death pathway to prevent unauthorized cell movement. However, a cell expressing b3 integrin has an enhanced capacity for anchorage-independent survival. Instead of producing no signal or a prodeath signal, an unligated b3 integrin recruits Src kinase and drives Src activation and Crk-associated substrate (CAS) phosphorylation to promote anchorage-independent growth and survival (Desgrosellier et al. 2009 ). Similar to pancreatic cancer, avb3 expression is detected in 56% of breast tumors examined, and in 72% of breast cancer lymph node metastases (Desgrosellier et al. 2009 ). These studies suggest that avb3 expression confers a tumor cell with the ability to invade and survive in what would be an incompatible environment, and suggest that blocking avb3 function in breast or pancreatic cancers may have the ability to suppress the activity of the most aggressive and metastatic tumor cells within these tumors. The surprising aspect of this work is the fact that these integrin signaling events occur in the absence of ligation to extracellular matrix ligands.
The Role of avb5 in Carcinoma Invasion and Metastasis
As opposed to avb3 signaling which promotes both primary tumor growth and metastatic spread by promoting anchorage-independent survival, avb5 signaling uniquely drives invasive and metastatic properties of tumor cells (Klemke et al. 1994; Ricono et al. 2009 ). Whereas b3-positive tumor cells can migrate and metastasize spontaneously, b3-negative tumor cells require cytokine or growth factor stimulation to drive these activities. Exposure to either epithelial growth factor (EGF) (Klemke et al. 1994) or insulin-like growth factor (IGF) (Brooks et al. 1997 ) stimulates tumor cell migration and invasion through avb5. Importantly, ligation of both avb5 and cytokine receptors are required for spontaneous pulmonary metastasis of multiple tumor types but not for primary tumor growth (Brooks et al. 1997) . When stimulated by EGF, Src activates p130Cas and drives the metastatic cascade. In particular, p130Cas couples to the adaptor protein Crk, and this complex localizes to membrane ruffles to drive cell migration (Klemke et al. 1998) . Src-mediated p130Cas phosphorylation also activates the small GTPase Rap1, which is required for activation of avb5 (Ricono et al. 2009 ). Together, these findings show cross-talk between tyrosine kinase receptors and integrin avb5 that is critical for carcinoma cell invasion and metastasis, but not for growth of the primary tumor.
RGD-Targeted Nanoparticles Deliver Imaging or Therapeutic Agents to Tumors
RGD-mimetic peptides or small molecules act as potent antiangiogenic compounds by disrupting avb3/avb5 integrin-ligand interactions. The antiangiogenic capabilities of such agents were first tested in the early 1990s (Saiki et al. 1990; Nicosia and Bonanno 1991) , and a recent review summarizes patents using these agents to target avb3 (Hsu et al. 2007 ). These agents may ultimately be the most useful as targeting agents for tumor-specific drug delivery or imaging (Meyer et al. 2006; Dijkgraaf et al. 2009; Haubner and Decristoforo 2009) . Nanoparticles targeted to avb3-expressing tumor blood vessels can block tumor growth or metastasis by delivering chemotherapy compounds (Murphy et al. 2008; Sugahara et al. 2009 ), gene therapy (Hood et al. 2002) , or siRNA (Schiffelers et al. 2004 ). The tumor penetrating iRGD peptide can significantly enhance the delivery of drugs or imaging agents that are either directly conjugated or simply coadministered to tumor-associated blood vessels, stroma, and tumor (Sugahara et al. 2009 (Sugahara et al. , 2010 .
CLINICAL DEVELOPMENT OF av INTEGRIN ANTAGONISTS
Because integrin-mediated signaling pathways allow endothelial and tumor cells to migrate, invade, and survive within remodeling environments, numerous approaches have been developed to target these pathways therapeutically in man (Hehlgans et al. 2007; Silva et al. 2008) . Table 1 briefly describes av integrin antagonists currently undergoing testing in clinical trials. For additional information, refer to a recent review article (Avraamides et al. 2008) and www.clinicaltrials.gov.
Development of Cilengitide as an Antitumor Agent for Glioblastoma
Preclinical studies have provided rationale for the development of integrin antagonists as both antitumor and antiangiogenic agents (Brooks et al. 1994a (Brooks et al. ,b, 1995a Montgomery et al. 1994 ).
The most advanced avb3 candidate is currently being tested in a Phase III clinical trial to test the RGD peptide Cilengitide for patients with newly diagnosed glioblastoma multiforme (recently reviewed by Tabatabai et al. 2010) . In glioblastoma, avb3 is highly expressed on both the tumor astrocytes and endothelial cells within these highly invasive tumors (Gladson and Cheresh 1991; Gladson et al. 1995 Gladson et al. , 1999 Bello et al. 2001) . The avb3 ligands vitronectin and tenascin colocalize with avb3 expression on both tumor and endothelial cells, in contrast to fibronectin (a ligand for b1 integrins), which shows diffuse staining throughout (Gladson and Cheresh 1991; Gladson et al. 1995; Gladson 1999; Bello et al. 2001) . avb3 expression on the host cells in particular supports both the angiogenic response and the infiltration of macrophages (Kanamori et al. 2006) . Early clinical trials for Cilengitide have shown antitumor activity, including durable remissions, and increased survival for a subset of patients. Promoter methylation of the methylated-DNAprotein-cysteine methyltransferase (MGMT) DNA repair gene is a prognostic marker in glioblastoma, because it is correlated with increased chemosensitivity to alkylating agents such as temozolomide (TMZ). The new Phase III study (CENTRIC) will test standard TMZ/radiation therapy þ/ -Cilengitide only for patients with a methylated MGMT promoter, because this subset of patients showed the most sensitivity to Cilengitide in previous trials. The efficacy of Cilengitide for glioblastoma will likely be a function of blocking avb3 function on both tumor cell and endothelial cell compartments, and thus understanding how distinct cell types are impacted by integrin antagonism will enable the logical design of the most effective combination therapies.
CONCLUDING REMARKS
The future success of av integrin antagonism as a therapeutic approach for cancer and angiogenesis will likely be a function of understanding why these integrins are expressed on the surface of particular cell types within a distinct tissue microenvironment. This knowledge will enable the logical design of therapeutic strategies to enhance or suppress integrin signaling, and might explain the efficacy or lack of activity for some current approaches. Controlling integrin expression via microRNAs may emerge as an additional tool, although this field is currently in its infancy. Antiangiogenic strategies targeting integrins will likely require combination with additional agents, as antivascular agents rarely show activity as single agents (e.g., Avastin). (Aumailley et al. 1991) and screened using a cell-free receptor assay for the inhibition of integrins avb3 and avb5 but not aIIbb3 (Smith et al. 1990 ). avb3 antibody: The anti-avb3 antibody LM609 was fully humanized and first known as Vitaxin, then MEDI-522, and is currently being developed by Astra-Zeneca as etaracizumab (Abegrin). Abegrin was well tolerated in Phase I trials (Delbaldo et al. 2008) . Although no objective response was observed in a Phase II trial for melanoma (Hersey et al. 2010) , Abegrin is currently undergoing testing in eight clinical trials for solid tumors, psoriasis, and rheumatoid arthritis. In addition, Abegrin has shown promise in preclinical models as a targeting ligand for molecular imaging agents (Liu et al. 2010 ). av antibody: This fully human monoclonal antibody that inhibits av has antiangiogenic and antitumor effects in preclinical models (Trikha et al. 2004; Chen et al. 2008 ) and was well tolerated in Phase I trials (Mullamitha et al. 2007 ). Unlike some other angiogenesis inhibitors, CNTO 95 does not appear to inhibit normal physiologic angiogenesis or wound healing processes (Martin et al. 2005) . CNTO 95 is currently undergoing testing for prostate cancer and melanoma.
Indeed, preclinical studies suggest that integrin antagonists function well in combination with chemotherapy or radiotherapy. Radiotherapy increases endothelial cell expression of avb3 (Abdollahi et al. 2005) , which may sensitize cells to avb3 antagonism. Combination therapy may also reduce drug resistance mechanisms, as avb3 antagonism combined with multiple angiostatic drugs blocks the growth of typically resistant glioblastomas by preventing compensatory up-regulation of other proangiogenic factors (Dorrell et al. 2007) . In summary, effective use of av integrin antagonism in man will require an understanding of which integrins to target on which cells, and thus approaches to selectively target these events within different tissue compartments such as angiogenic endothelial cells or tumor-associated stromal cells will offer a significant advantage.
